The observed light neutrinos may be related to the existence of new heavy neutrinos in the spectrum of the SM. If a pair of heavy neutrinos has nearly degenerate masses, then CP violation from the interference between tree-level and self-energy graphs can be resonantly enhanced. We explore the possibility of observing CP asymmetries due to this mechanism at the LHC. We consider a pair of heavy neutrinos N 1,2 with masses ranging from 100− 500 GeV and a mass-splitting ∆m N = m N 2 − m N 1 comparable to their widths Γ N 1,2 . We find that for ∆m N ∼ Γ N 1,2 , the resulting CP asymmetries can be very large or even maximal and therefore, could potentially be observed at the LHC.
Introduction
The observation of neutrino oscillations has established that the observed neutrinos are not massless and so the Standard Model (SM) must be extended in order to accommodate these [1] . In order to explain why the neutrinos are so much lighter than any of the other fermions, it is common to postulate that in addition to the three observed light neutrinos, there also exist partner heavy neutrinos. In order to avoid very stringent constraints due to their non-observation at the Large Electron-Positron (LEP) collider, these must have masses greater than about 100 GeV [2] . However, if they exist with masses greater than this, but less than about 500 GeV, they fall into the category of particles that could be produced for the first time at the Large Hadron Collider (LHC) [3] [4] [5] [6] . Complementary to such a search, heavy neutrinos could also be observed at a future linear collider. Several studies have been conducted into their signals at the International Linear Collider (ILC) [7, 8] as well as possible alternatives such as an e − γ collider [9] . If neutrinos with such masses do exist, then in general they should break lepton-flavour conservation and, if they are Majorana, lepton-number (L) conservation as well. Furthermore, since their couplings can be complex, they can also contribute to CP violation. A scenario of particular interest is if two or more of the heavy neutrinos are quasi-degenerate in mass [10] . In this case, CP violation can be resonantly enhanced such that for appropriate couplings, CP asymmetries can be large or even maximal [11] . By introducing flavour symmetries in the singlet neutrino sector, models can be built where quasi-degenerate heavy neutrinos with masses of order the electroweak scale appear naturally [12] 1 . These mostly focus on models of resonant leptogenesis, which can be 2 Heavy Neutrino Extensions of the Standard Model
Heavy Majorana Neutrino Model
We first describe the SM, minimally extended to include right-handed neutrinos. Assuming the Higgs sector is not extended, the Lagrangian describing the neutrino masses and mixings reads
where ν 0 L and ν 0 R denote column vectors of the left-and right-handed neutrino fields in the weak basis, and the notation ν c ≡ Cν T represents the charge conjugate fields. Although it is commonly assumed that there is one right-handed neutrino per generation (as required in SO(10) Grand Unified Theories (GUT's) [17] ), this needs not be so in the bottom up approach considered here. In fact, as will be shown in Section 5, in the context of searches for CP violation, it is phenomenologically more interesting if the model contains at least four right-handed states. In order to maintain generality, we will consider adding n R right-handed states, where n R can be any positive integer. The elements of the complex matrices m D and m M give rise to Dirac and Majorana mass terms for the neutrinos respectively. The only constraint on their structure is that m M must be symmetric.
The Majorana mass-eigenstate neutrinos are related to the weak-eigenstates through
2)
The states represented by ν are the three observed light neutrinos, whereas N represents extra heavy neutrinos (of which there will be as many as right-handed weak-eigenstates). U is a (3 + n R ) × (3 + n R ) unitary matrix chosen such that
where m 1 , . . . , m 3+n R are the physical neutrino masses. Since m D is derived from the Higgs mechanism, it is most natural to assume that its elements should be of order the vacuum expectation value of the Higgs field. By contrast, m M is unrelated to any SM observables and so could be as large as the GUT scale. This observation leads to the popular seesaw mechanism by which the extreme smallness of the light neutrino masses are explained through the large hierarchy in these scales [18] . For a recent discussion within the context of GUT neutrino models, see [19] . Unfortunately, generic seesaw scenarios are not phenomenologically very interesting since the heavy neutrinos are predicted to be extremely heavy (of order the GUT scale) and also have their couplings to SM particles highly suppressed. More interesting scenarios for collider physics can be formed by introducing approximate flavour symmetries that impose structure on the mass matrices m D and m M [3, 12, 20, 21] . This can then allow the heavy neutrino couplings to be completely independent of the light neutrino masses. In such theories it is possible to have heavy neutrinos with masses of order 100 GeV and significant couplings to SM particles, without being in contradiction with light neutrino data.
Writing the Lagrangian for neutrino interactions in terms of the mass-eigenstates gives [3] 
The matrices B and C in the above are given by
where V L is a 3 × 3 unitary matrix relating the weak to mass-eigenstates of the left-handed charged leptons. Without loss of generality, we assume that there is no mixing in the charged leptons, i.e. V L is the unit matrix. This allows B to be written as B li with l = e, µ, τ and so
From (2.3), the neutrino couplings have to satisfy the constraints
These are important when it comes to considering the viability of coupling scenarios which give rise to CP violation, as is done in Section 5.
Heavy Dirac Neutrino Model
An alternative model in which the heavy neutrinos are Dirac particles can be constructed by adding left-handed singlets S 0 L to the theory in addition to the right-handed neutrino fields ν 0 R . These have no couplings to SM particles and only enter the theory through their mixings with the other neutrinos. For simplicity, we shall assume that the same number of right-handed neutrinos and left-handed singlets are included. This model can be obtained as the low energy limit of GUT's based on SO(10) [22] or E 6 [20, 23] gauge groups.
To obtain a theory with Dirac neutrinos, B − L conservation is imposed as a global symmetry. The Lagrangian for neutrino masses is then given by
As in the previous model, m D and M are complex matrices. This mass matrix can be diagonalised through the rotations
where U L is a (3+n R )×(3+n R ) and U R a n R ×n R unitary matrix. If these are chosen appropriately, the Lagrangian given in (2.12) can then be expressed as 14) with M N diagonal. With the identifications S L ≡ N L and ν R ≡ N R , this is then a mass term for three massless neutrinos ν 2 and n R massive Dirac neutrinos N. The three weak-eigenstates ν 0 L in this theory are related to the mass-eigenstates through a (3 + n R ) × (3 + n R ) unitary matrix, just like as in the previous theory without singlets. Hence, the Lagrangian for their interactions with W ± and G ± bosons is given by (2.4) and (2.5), just with U L replacing U in the definition of B lj . However, since the neutrinos are Dirac particles, the Lagrangian for their couplings to the Z, H and G 0 bosons differs from the corresponding one for Majorana particles [c.f. (2.6)-(2.8)]. It only contains terms proportional to C ij , not C * ij , and is given by
16)
where again U L replaces U in the definition of C ij . Dirac neutrinos can be considered as the limit of two degenerate Majorana neutrinos, say N i and N j , whose couplings are related through B li = iB lj . It is easy to see then that for these, Eq. (2.11) is automatically satisfied and hence will not act as a constraint for Dirac neutrinos.
Constraints on the heavy neutrino couplings
In both of the models described above, the weak-eigenstate neutrinos are related to the masseigenstates through 18) where l = e, µ, τ . To make the notation clearer, B is split up into two parts relating to the light and heavy states
We can then define the parameter Ω ll ′ as [8] 20) which is a generalisation of the Langacker-London parameters (s νe,µ,τ L ) 2 [24] , with the identification
2 . The 3 × 3 matrix B lν is, to a good approximation, the Pontecorvo-Maki-NakagawaSakata (PMNS) matrix [25] , giving the mixing of three left-handed neutrinos. Any deviation from 2 Although this has already been ruled out, the model can be made compatible with experiment by adding small Majorana mass terms for the singlets, e.g. [23] . After diagonalisation, these translate to small Majorana masses for the light neutrinos. However, this will have no effect on any collider observables, since these masses are tiny compared to the energy scales involved. unitarity of the PMNS matrix is given by Ω ll ′ , and would constitute evidence for new physics, such as heavy neutrinos.
Constraints on Ω ll ′ come from LEP and low-energy electroweak data [24, [26] [27] [28] [29] . Tree-level processes with light neutrinos in the final state can be used as a probe by looking for a reduction of the couplings of the light neutrinos from their SM values. A global analysis of such processes gives the upper limits [28] Ω ee ≤ 0.012 ; Ω µµ ≤ 0.0096 ;
at 90% confidence level. These are mostly model independent and depend only weakly on the heavy neutrino masses. LFV decays such as µ, τ → eγ, µ, τ → eee, µ → e conversion in nuclei and Z → l + l ′− also constrain the couplings. Heavy neutrinos contribute in loops, as such the limits obtained from these depend on the heavy neutrino masses and Yukawa couplings [27] 
LHC Signals
At the LHC, the dominant production mechanisms for heavy neutrinos if they have masses in the 100 − 500 GeV range will beFig. 1 [3] [4] [5] [6] . Due to the enhanced contribution from the valence quarks, W + bosons will be produced more copiously than their charge conjugates, hence the process with an intermediate W + will give the larger signal. Since the Feynman graphs in Fig. 1 have a W boson in the s-channel, the signal cross section falls dramatically as the mass of the heavy neutrino is increased. Hence, even though the LHC centreof-mass-system (cms) energy will be 14 TeV, there is only an observable signal for neutrinos below about 400 − 500 GeV at most.
By far the cleanest signals come from the heavy neutrinos decaying as N → l ± W ∓ → l ± jj, with l = e, µ and j representing a hadronic jet. All the decay products can then be detected, allowing the reconstruction of the invariant mass, and more importantly, the observation of lepton-flavour and lepton-number violation. Given this decay chain, signals that conserve L will be of the form pp → l ± l ′∓ W ± X, where here X represents the beam remnants and the W boson is assumed to decay hadronically. In addition to these, for Majorana neutrinos only, LNV processes of the form pp → l ± l ′± W ∓ X are also possible. If observed, this would unravel the Dirac or Majorana nature of the heavy neutrinos.
In order to suppress the SM background, signals for heavy neutrinos must be LFV (which includes any LNV processes). Since both lepton-flavour and lepton-number violation are forbidden in the SM, the backgrounds to these processes require extra light neutrinos in the final state. The main source of this type of background will come from three W bosons. If two of these decay leptonically and the third hadronically, this can mimic the signal apart from the additional light neutrinos. Recent analyses of this process have concluded that such a background can be made negligible after cuts [5, 6] . In particular, a missing p T cut is very effective, since this should have no effect on the signal.
The Resummed Heavy Neutrino Propagator
CP violation may originate from self-energy, vertex or higher order quantum corrections. In general these are small effects, since electroweak loop corrections themselves are small. However, if two or more of the heavy neutrinos are nearly degenerate in mass, then CP violation from self-energy corrections (often termed ǫ-type CP violation [10] ) can be resonantly enhanced [11] . In fact, in the limit of degenerate heavy neutrinos, finite-order perturbation theory breaks down. A well defined field-theoretic formalism is based on a resummation of the self-energy graphs [11, 16] . This approach is manifestly gauge invariant within the Pinch Technique (PT) framework [32, 33] and maintains other field-theoretic properties, such as unitarity and CPT invariance. Our formalism involves the absorptive part of the heavy neutrino self-energy, which is computed here at the oneloop level. An important point regarding this formalism is that both the diagonal and off-diagonal elements of the self-energy must be inserted into the heavy neutrino propagator matrix. This is crucial, since for small mass-splittings, the off-diagonal elements play a major role.
Following this approach, the propagator for a system of two heavy neutrinos is given by
where ImΣ ij ( / p) is the absorptive part of the heavy neutrino self-energy.
Majorana neutrinos
For Majorana neutrinos, ImΣ ij ( / p) is of the form
where s = p 2 and A(s) is Hermitian, (i.e. A ij = A * ji ). Writing the propagator aŝ
, (4.4)
, (4.5)
, (4.6)
, (4.7)
By inspection, it can be seen that E M is related to D M , and
Defining the matrices M andÃ as
Eq. (4.1) can be writtenŜ
Combining this with (4.3), the property SS −1 = 1 gives the further equalities
These relations, which can be directly verified for the matrices given in (4.4)-(4.7) are important for checking that CPT invariance is preserved in the theory. More details will be given in Section 5.
Dirac neutrinos
For Dirac neutrinos, the absorptive part of their self-energy has only the left-handed component, viz
Writing the propagator in the same form as that in (4.3), i.e. 
15)
17)
with 19) andÃ ii defined in (4.8).
The inverse propagator can be expressed aŝ 20) so the equivalent of the relations in (4.12) for Dirac neutrinos are
Calculating the absorptive part of the self-energy at one-loop level in the Feynman-'t Hooft gauge 4 (for which the Feynman graphs are given in Fig. 2 ), the matrix A(s), which is the same for both Dirac and Majorana neutrinos, is given by
The tree-level heavy neutrino widths can then be obtained through 
W Type Processes
For the LHC signals described in Section 3, the heavy neutrino propagator is coupled to a charged lepton and W boson at each end. The asymmetries between such processes and their CP-conjugates will thus be the same as for the 2 → 2 processes lW → l ′ W . This can be understood since the fermion line containing the heavy neutrino is the same in the Feynman graphs for both the 2 → 3 signals and the corresponding 2 → 2 processes. The fact that one of the charged leptons changes from being a final state particle to an initial state particle will not effect much the size of the CP asymmetries.
As a result of CPT invariance, if all possible final states X are summed over, then [16] 
However, it is possible for the asymmetry between the cross sections for producing any particular final state and its CP-conjugate to be large. Considering LNC processes first, the CP-violating difference between σ(qq
The only relevant parts of the cross sections are those that involve the couplings of the heavy neutrinos, any pair of CP-conjugate processes will be otherwise identical. Therefore, this asymmetry will be proportional to the factors
depending on whether the heavy neutrino is a Dirac or Majorana particle. In the above, B l = (B l1 , B l2 ) with N 1 and N 2 being the two nearly degenerate heavy neutrinos involved. As is a direct consequence of CPT invariance, these vanish if l and l ′ , the two charged leptons that the heavy neutrinos couple to, are the same. 
The full expression for ∆ LNC CP | Majorana is rather more complicated, it is thus pragmatic to work with an approximation when performing analytic calculations. The elements of A are very small (of order the heavy neutrino widths divided by their masses), so terms above first order in them can be dropped to a very good approximation. Doing this, the matrix E M is approximated as
(5.5)
Using this approximation, ∆ LNC CP | Majorana is given by
The propagator for Dirac neutrinos simply contains a subset of the terms in the corresponding one for Majorana neutrinos, the same is thus also true of the CP-violating expressions (5.4) and (5.6). The extra terms that appear for Majorana neutrinos all have an m 2 mass dependence, these are due to interference between graphs without a chirality flip in them and graphs with a double chirality flip, the latter not appearing for Dirac neutrinos. There will also be higher order (in the elements of A) terms for Majorana neutrinos that have been neglected in our approximation for E M .
An analogous expression can be derived for the LNV signals (assuming neutrinos are Majorana particles so such processes are allowed), which are of the form σ(qq
The asymmetries between these signals are related to those between
where only the contributions from the resonant s-channel diagrams are included. F M (s) and G M (s) are symmetric, so both terms in this expression are individually invariant under l ↔ l ′ . Also, since
, it can again be confirmed that these terms represent CP-conjugates, since they transform into each other under B → B * . In order to make the expressions manageable, we will continue to work with an approximation of the heavy Majorana neutrino propagator that drops higher order terms in the elements of the matrix A. With this approximation, the matrices F M and G M are given by
.
(5.9)
Using these expressions, the CP asymmetry for LNV processes of the type considered is
Since all first order graphs contributing to LNV processes have a single chirality flip in the propagator, all the terms in the above expression are proportional to m 2 .
Theoretical constraints (for Majorana neutrinos)
For three heavy Majorana neutrinos, B lN is a 3 × 3 matrix. Ignoring the light neutrino masses, the constraints in (2.11) thus leave four of the heavy neutrino couplings as free parameters. For example, B l1 (l = e, µ, τ ) and B e2 can be chosen, Eq. (2.11) is then satisfied by
In order to see how this effects the expressions for the ∆ CP 's, write the matrix A as
where a and b are dimensionless real functions. Then, using (2.10)
which, after the application of (5.11) becomes
Inserting this into (5.6), ∆ LNC CP | Majorana can be shown to vanish, while in (5.10), all terms proportional to a cancel out and we are left with
For neutrino masses accessible to colliders this is always very small, so no observable CP violation is possible for the model considered with three heavy Majorana neutrinos. This result holds as long as only two of them are close enough in mass to have significant mixing in the propagator. The case of all three neutrinos being nearly degenerate is more involved, so whether large CP asymmetries can occur in this case may be studied elsewhere. If at least four heavy neutrinos exist, Eq. (2.11) can be satisfied for any choices of the couplings of the two quasi-degenerate neutrinos. Scenarios which result in large CP asymmetries are thus possible, and it is in the context of such a theory which our numerical results for Majorana neutrinos are to be considered. As mentioned in Section 2.2, Eq. (2.11) is automatically satisfied for the model with Dirac neutrinos. As such, even with just two heavy neutrinos, large CP asymmetries can result here.
Scenarios with large CP asymmetries
For the purposes of our numerical calculations, we assume the couplings of the nearly degenerate neutrinos can be chosen independently for both Dirac and Majorana neutrinos. Although this implies at least four heavy neutrinos in the Majorana case, we also assume that only two of these are close in mass, such that we can use our 2 × 2 propagators given in Section 4. In order to determine scenarios which would result in large CP asymmetries, we consider just the kinematic point s = s = ). To further simplify the expressions, we will also set the heavy neutrino couplings to all have a common magnitude |B|.
Introducing the notation ∆ CP (s) ≡ ∆ CP , Z(s) ≡ Z and A ij (s) ≡ A ij , the CP asymmetry for Dirac neutrinos is given by Although there is a partial cancellation between the elements of A, the off-diagonal element will only be about one third of the magnitude of the diagonal elements (which are approximately equal). This is because in A 12 , the contribution from the couplings to the third charged lepton cancel exactly with the contribution from either l or l ′ . The equality A 11 = A 22 = 3|A 12 | is not exact however, since there are small differences due to the mass-splitting of the two heavy neutrinos.
For Majorana neutrinos, the expression for ∆ 
As long as l = l ′ , then the same assumptions for the couplings lead to 2 ), so for ∆m ≈ Γ N , CP violation can be resonant. This still requires particular coupling scenarios such as we have described, but since we are interested in investigating the possibility of large CP asymmetries at the LHC, we will use these optimised conditions for our numerical studies.
Numerical Results
In this section we give our numerical results for the cross sections of the various signals of the type discussed in Section 3, for clarity, we list these in Table 1 . As mentioned in Section 3, in all signals considered, the W bosons are assumed to decay hadronically. We do not consider τ leptons as possible final state particles since these decay before reaching the detector and so would require a more involved analysis. Since we are primarily interested in CP asymmetries between the signal processes, we also plot these, which we define in later this section and also include in Table 1. For the results shown, we have used the CTEQ6M PDF's [14] , in which we have used Q = m N . Setting Q equal to the invariant mass of the W * instead, for example, increases the cross sections slightly for relatively low heavy neutrino masses.
The basic assumption required for our calculations to be valid is that the two quasi-degenerate heavy neutrinos are the only new physics particles that make an appreciable contribution to the processes considered. All others are assumed to either not couple to relevant particles, or have masses 1 TeV. Our calculations depend weakly on the mass of the Higgs boson, for which we have used M H = 120 GeV, and we have globally applied the cuts p T > 15 GeV and |η| > 2.5 for all final state particles. Note that these kinematical cuts are similar to those chosen in [5] .
We consider the following three scenarios:
(S1): B lN = 0.05 for l = e, µ, τ and N = 1, 2.
(S2): As (S1), except B e2 = 0.05i.
(S3): As (S1), except B µ2 = 0.05i and B τ 2 = −0.05.
The first scenario, where all couplings are real, is the CP-conserving limit. This enables us to separate true CP asymmetries from the asymmetry due to the PDF's. The second two are chosen specifically as examples of resonant CP violation, as guided by our analysis in Section 5.2. Scenario (S2) gives rise to large asymmetries for Majorana neutrinos, but not for Dirac neutrinos, whereas in scenario (S3) large CP asymmetries occur for both Dirac and Majorana neutrinos, but only if the two final state charged leptons are of different flavour.
Including just the two heavy neutrinos that are directly involved in the signal processes, we have i |B lN i | 2 = 0.005 (for all l). This leaves room for couplings to other heavy neutrinos without invalidating the experimental limits in (2.21) . This is especially important for Majorana neutrinos, since as noted in Section 5.1, it is necessary then to have at least four heavy neutrinos to avoid theoretical constraints on their couplings. In the same context, a degree of cancellation between the different loop contributions might be necessary for the scenarios (S1)-(S3) to satisfy the bounds in (2.22), especially those derived from the non-observation of µ → eγ.
We start our investigation of CP violation by constructing the following CP asymmetry
where S i can stand for any of the signal final states considered and S i its CP-conjugate. The function K takes account of the different PDF's involved in producing W + and W − bosons, such that A CP = 0 if CP is conserved. It has to be calculated theoretically and is defined as
where again S i can be any of the possible final states considered and S i its CP-conjugate. An important point is that although A CP is in general different for different S i , K is, to a very good approximation, universal whichever signal (of the type considered) is used to define it. Therefore, we calculate the cross sections in the CP-conserving limit with all couplings real, like for example in scenario (S1). K is independent of the magnitudes of the couplings and mass-splitting (for ∆m N ≪ m N ), so any other CP-conserving scenario would give the same value. It is plotted as a function of m N 1 (the mass of the lighter of the two heavy neutrinos) in Fig. 3 along with the signal cross sections in (S1). The value of K can be obtained by taking the ratio of either of the two pairs of CP-conjugate signals shown. In fact, in this special scenario, where all heavy neutrino couplings are equal, all additional signals of the type considered have the same cross section as one of the four shown. However, there is an element of theoretical uncertainty predominantly coming from the different choices of PDF's used. For instance, using the MRST2004 PDF's [15] instead, we find values for K that differ by less than 1%. They are also insensitive to the factorisation scale Q that is used. Another set of CP-violating observables can be constructed by considering ratios of different processes, such that the asymmetries due to the different PDF's cancel out. Defining the ratios R + and R − as
CP-violating observables can be constructed from
This second method has the advantage that it does not depend on K. However, it is more complicated to construct and analyse since two different processes (plus their CP-conjugates) are required for each asymmetry.
LNC processes
We consider four distinct LNC signals, these are:
(6.5) Signals (1) and (2) are CP-conjugates of each other and likewise (3) and (4) . Furthermore, the cross sections for (3) and (4) are related to those for (1) and (2) through which holds even when CP is not conserved. Using this relation, A CP as defined in (6.1) can be expressed without involving K, viz
This has also the advantage that it is not necessary to distinguish between the two W boson charges experimentally. R CP , given in (6.4), can also be re-expressed using (6.6), and can thus be written as (6.7) and (6.8) .
where again, the two charges of W boson are summed over. However, the observable R CP (LNC) turns out to be closely related to A CP (LNC). The cross sections for the signal processes given in (6.5) are shown in Fig. 4 for scenario (S2) and Figs. 5 and 6 for scenario (S3). Since scenario (S2) only results in CP violation for Majorana neutrinos, the results for Dirac neutrinos are not shown. We've plotted the signals as functions of m N 1 and ∆m N . In the latter plots, the point ∆m N = Γ N is marked by a vertical dotted line 5 . The CP asymmetries are close to their maxima at this point, which we use for our plots against m N 1 . The CP-violating observables given in (6.7) and (6.8) are shown as functions of ∆m N in Fig. 7 . Again the point ∆m N = Γ N is marked by vertical dotted lines (one each for Dirac and Majorana neutrinos).
LNV processes
We now analyse the LNV processes:
(6.9) We have not included the di-muon channel processes here since for the two scenarios (S2) and (S3), there is no CP asymmetry between these. However, interchanging B e2 ↔ B µ2 in these scenarios would give asymmetries in the di-muon channel but not the di-electron channel, which is just as likely. As before, A CP and R CP can be defined as follows:
10)
(6.12)
The signal cross sections given in (6.9) are plotted in the same manner as the LNC signals were. These are shown in Fig. 8 for scenario (S2) and Fig. 9 for scenario (S3). Similarly, the CPviolating observables given in (6.10)-(6.12) are shown in Fig. 10 . The cross sections for both the LNC and LNV signals fall very rapidly with increasing heavy neutrino mass. For |B lN | = 0.05 and an integrated luminosity of 100 fb −1 , to produce at least 10 signal events in any single channel would typically require m N 300 − 400 GeV. This could be enough to not just discover heavy neutrinos, but also observe resonant CP violation as well. As can be seen from the plots in Figs. 7 and 10, the CP asymmetries in scenarios (S2) and (S3) are very large for ∆m N ≈ Γ N . With this condition, and taking m N 1 = 300 GeV for example, scenario (S2) would result in about 20 signal events for pp → e + e + W − X without a single pp → e − e − W + X event likely to be observed. In the limit ∆m N = 0, the asymmetries vanish. This is as expected from Section 5.2, since there it is shown that for couplings of equal magnitude, the asymmetries are proportional to the mass-splitting of the heavy neutrinos. For the two CP-violating scenarios considered, the CP asymmetries are larger for Majorana neutrinos than for Dirac ones. However, more examples would need to be calculated to determine if this is a general trend. Since they are constructed out of the asymmetries between two independent processes and their CP-conjugates, it should come as no surprise that the R CP asymmetries are larger than the A CP ones. The one exception to this is R CP (LNV) in scenario (S3). This is because there is no asymmetry between one of the two 
Conclusions
Based on the resummation formalism developed in [11, 16] , we have calculated the 2 × 2 heavy neutrino propagator matrix for both Dirac and Majorana neutrinos. Our results apply to scenarios for which the two heavy neutrinos that are nearly degenerate in mass dominate the production cross sections. The formalism involves the absorptive part of the heavy neutrino self-energy, which is given to one-loop, again for both Dirac and Majorana neutrinos. Assuming a two heavy neutrino mixing system, we have given numerical estimates for the production cross sections of LFV and LNV heavy neutrino signal processes at the LHC. These are of the form pp → ll ′ W X, with the final state particle charges (not including the beam remnants X) adding up to ±1. For Dirac neutrinos, the leptons have to have opposite charges and so, in order to avoid large backgrounds, l and l ′ should be different. For Majorana neutrinos, LNV signals of the form pp → l ± l ′± W ∓ X are also allowed, where l and l ′ can (but do not have to) be equal. The SM background to either of these types of signals should be negligible after cuts. For the magnitudes of couplings we used (|B lN | = 0.05), heavy neutrinos will be observable at the LHC if they have masses between about 100 GeV and about 400 GeV. If the heavy neutrinos are much lighter than 100 GeV, the LEP data put severe limits on the B-couplings, leading to unobservable signal cross sections.
We have plotted the signal cross sections in three different possible scenarios for the couplings of the heavy neutrinos. In the first, all the couplings are real. This is the CP-conserving limit which is needed to calculate the asymmetry due to the different PDF's for producing W + and W − bosons. The second and third scenarios are chosen as examples in which large CP asymmetries exist in a number of channels. CP-violating observables constructed from the signal cross sections are also plotted. For a mass-splitting of the two neutrinos of order their widths, these asymmetries can be very large or even maximal, giving rise to resonant CP violation. It should be noted that these scenarios require additional flavour symmetries in the heavy neutrino sector in order to be possible. Experimental constraints, in particular those from the lack of observation of µ → eγ, require contributions from additional particles of new physics (either further heavy neutrinos or something else) to be satisfied. These extra particles would need to cause quite large cancellations in the rate of this process without making a significant contribution to the signals of interest. Also, for Majorana neutrinos, there are theoretical constraints that require at least two additional heavy neutrinos (four in total) to be present in the theory in order to be satisfied. Nevertheless, our results demonstrate that very large CP asymmetries are possible at the LHC. The couplings used have not been motivated in any fashion, but neither are they unique. In particular it should be kept in mind that an interchange of charged lepton labels gives scenarios which are no more or less likely. Among the different processes we have been studying here, the most realistic modes to look for large CP asymmetries at the LHC are the di-muon or di-electron channels. These processes are LNV and hence are only allowed for Majorana neutrinos. For these channels, it is possible to have the heavy neutrino couplings to either the electron or muon heavily suppressed, hence satisfying the experimental constraints. It may then be possible to have resonant CP violation in these channels without resorting to additional flavour symmetries or cancellations.
The analysis presented here could be extended to other colliders, in particular to the ILC. Here the signals e + e − → l ± W ∓ ν can be considered which are CP-conjugates of each other. The ILC should be a cleaner experimental environment and depending on its cms energy, may well be able to produce heavy neutrinos of considerably larger mass. However, the ILC would suffer compared to the LHC in the search for heavy neutrinos in the sense that the SM background cannot so easily be suppressed. Linked to this, evidence of L violation and hence whether or not neutrinos are Majorana particles is far harder to obtain. Also, an observable signal requires a significant coupling of the heavy neutrino to the electron, a requirement not shared by the LHC.
In summary, resonant CP violation due to electroweak-scale heavy neutrinos is an interesting possibility that might well be observed for the first time at the LHC. If realised, this could, in principle, give an explanation for the BAU through resonant leptogenesis. The observation of electroweak-scale heavy neutrinos may not directly unravel the detailed structure of the light neutrino mass matrix, but it will naturally point towards scenarios based on some approximate lepton-number or flavour symmetry (see also our comment in Section 2.1). This approximate lepton-number symmetry may be imprinted into the relative decay rates of the heavy neutrinos into the different charged-lepton flavours e, µ and τ , from which an estimate of the large elements of the Dirac mass matrix m D could, in principle, be obtained. Possible new signatures or constraints from low-energy experiments, including the low-energy neutrino oscillation data, may offer valuable information to restrict the form of m D and the light-to-heavy neutrino-mixing matrix m D /m M . A detailed analysis of possible correlations between resonant CP violation due to heavy neutrinos which we have been studying here and other observables may be the subject of a future communication.
